Amino-modified TiO2 particles were derived from precursor mixtures of tetraethylorthotitanate and aminopropyltriethoxysilane (APTES) that both were dissolved in ethanol/water solution. Size, morphology, crystalline structures, and formation mechanism of the particles were discussed in terms of the APTES amount and the pH value in the solution. The addition of APTES resulted in amorphous amino-modified TiO2 particles. The low crystallinity in the final particles was attributed to the polar amino groups.
Introduction
In biomedical and clinical fields, sol-gel derived inorganic nanoparticles, such as silica and titania, are of interest in encapsulation and controlled release of therapeutic drugs as well as induction of bioactive Ca-P coatings on the surface of bone implants. Fox example, sol-gel derived silica was biocompatible and could load therapeutic DNA for gene therapy 1) and antibody for immunological assay.
2) Moreover, after Reffitt et al. 3) and Xynos et al., 4) soluble silicate ions stimulated both collagen type I synthesis and gene expression of TGF-β mRNA in human osteoblast-like cells. Sol-gel derived titania is also promising in biomedical functionality. Shozui et al. 5) showed that their sol-gel titania coatings on titanium and stainless-steel substrates induced bioactive apatite deposition, while Asano et al. 6) attempted using sol-gel titania particles for blood purification therapy, as they adsorbed some disease-causing substance without coagulating blood. Moreover, some sol-gel derived titania grew soft tissues and a few fibrous tissues, which Areva et al. 7) and Paldan et al. 8) considered due to an amorphous Ca-P layer induced on the titania layer. From the advantages of both silica and titania as described above, Si(IV)-releasing sol-gel titania-silica might not only promote growth of soft tissue but also stimulate gene expression. Indeed, sol-gel derived titania-silica coating layers on pure titanium discs released Si(IV), prolonged osteoblast activity and promoted growth of soft tissue. 9), 10) In addition, Muhonen et al. 11) reported that sol-gel derived titania-silica coatings significantly improved biocompatibility of intramedullary NiTi nails, and Lopez et al. 12) showed controlled release of anticonvulsants from their titania-silica particles into brain tissue.
However, the microstructure of such silica-titania is known hard to be controlled in terms of homogeneous hybridization of both component oxides since the hydrolysis rate of titanium alkoxides is much faster than silicon alkoxides in the sol-gel precursor systems.
The most important factor that controls the homogeneity in the distribution of Ti(IV) and Si(IV) in those mixed oxides via the sol-gel procedure is the difference in the hydrolysis rate of the component alkoxides. A detailed solid state NMR study of Diré and Babonneau 13) on a similar alkoxide system indicated that formation of Ti-O-Ti homo-bonds was more favorable than that of Si-O-Ti hetero-bonds, due to the faster hydrolysis of the Ti-OR groups than Si-OR' (OR, OR': alkoxide groups). Such trends inevitably yielded oxides with micro-segregation or micro-phase separation, i.e., with inferior homogeneity. It is commonly accepted in the sol-gel preparation of silica from silicon alkoxides that acid catalysts favor condensation while base catalysts favor hydrolysis. Thus, acid-catalyzed hydrolysis of the silicon precursor prior to addition of the titanium counterpart may give more chance of condensation between the Si-OH and Ti-OH groups. For example, Miller et al. claimed that they obtained homogenous titania-silica aerogels as pre-hydrolyzed tetraethoxysilane (TEOS) with nitric acid was added to tetrabutoxyorthotitanate solution. 14) If the base-catalysis favors hydrolysis, the sol-gel procedure under alkaline conditions still leads to microphase separation. Selle et al. gave a typical example, 15) who prepared only SiO2/TiO2 heterogeneous particles by adding tetraethylorthotitanate to TEOS pre-hydrolyzed in the ammonia/ water solution. Reducing the reactivity of the titanium precursors is one of the techniques to give better homogeneity, as, for example, Leaustic et al. 16) employed acetylacetone as the chelating agent to control its hydrolysis rate. Some other techniques have also been proposed by Hong et al., 17) Kimura et al. 18) or other groups to improve the homogeneity of the silica-titania binary oxides. Nevertheless, those methods involve such disadvantages: JCS-Japan they involve complicated processes, with which not only additional costs but also underlying risks of low yield are considerable. The use of some agents might be accepted that suppress the reactivity of the titanium alkoxide, and hence homocondensation of the resultant Ti-OH groups by promoting hydrolysis of the two alkoxides. Such synthetic routes should have at least two advantages: (1) they improve the homogeneity of TiO2/ SiO2 mixed oxides and (2) the procedure is concise and economical. In those cases, the use of some agents that form chelate bonds with Ti-O and raise pH of the system under proper dilution seems appropriate. When biomedical applications are considered, a limited range of additives would be permitted to be involved in the synthesis steps, due to the toxicity reasons.
The silicon and titanium alkoxides have basically the difference in the reaction rate, and heterogeneity in the mixed oxides is inevitable. If the sol-gel routes yield crystalline particles of titania, homogeneous distribution of Si in the titania lattice is desperately impossible, because of the difference in the native oxygen-coordination of Si and Ti. Six-fold oxygen coordination around Si is achieved in a high-pressure polymorph of silica, Stishovite with the rutile structure. That is, one should admit that the homogeneous distribution of Ti(IV) and Si(IV), like in such solid solutions as brass or (Ni, Mg)O is impossible. One can only prepare the oxides with better homogeneity. Retrospectively, then, let us ask: what is homogeneity? Take multi-component oxide glasses as the examples. From the macroscopic viewpoint, e.g., in the 1 μ m range, each constituent atom is distributed homogeneously: here several kinds of microscopic regions (maybe smaller than ~10 nm), different in atomic composition from each other (= heterogeneity), are distributed statistically to form the glass structure. Even silica glass involves such heterogeneity that causes its fundamental loss in optical energy of the incident infrared light. Then, better homogeneity is obtained when efforts are to be directed either to diminishing the size of such regions or vitrifying the oxides. The use of emulsions 17) or suspensions 18) seems adequate since the reactants are restricted in a limited space of the droplets.
If one accepts that, at any case, those titanium alkoxides tend to yield titania nuclei rich in Ti-OH, the presence of aminosilanes in the homogeneous precursor solution systems may reduce either the size of the aggregation or crystallinity of the resultant primary titania particles. Possible bases for such postulation are:
(i) the amino group is hydrolyzed and protonated, accompanying the increase in pH of the precursor solution,
(ii) the Si-OH groups are first derived from the hydrolysis of the Si(OR')3 group (Eq. (2)), followed by condensation with the Ti-OH (Eq. (3)).
Then, (iii) the aminosilane residues that are grafted on the titania precursor particulates, which may reduce their growth due to steric effects of the bulky chain.
Indeed, Ottenbrite et al. 19) utilized APTES as the catalyst and a comonomer in combination with a surfactant and organosilanes like methyltriethoxysilane, and they prepared particles with 100-500 nm in size. Chen et al., 20) in their preliminary study, prepared APTES-modified silica particles ranging from 30 to 150 nm by varying the mixing ratio APTES and TEOS, and showed the role of APTES as the pH adjusting agent and selfcatalyst. Moreover, the (-NH3) + groups might be interacted with the titanium alkoxide or hydrolysis intermediates to affect the morphology or crystallinity of the oxides. 21 ), 22) Thus, on the bases above, we developed a simple way to prepare APTES-modified titania particles at room temperature as a precursor body for the SiO2-TiO2 binary oxides. The effects of APTES were emphasized on the preparation and structure of the particles, as compared with the effect of other common silane vinyltrimethoxysilane (VTMS), methyltriethoxysilane (MTOS), and TEOS. Those are different in the number of active hydrolysis-condensation sites or bulkiness of the groups from the methoxy or ethoxy ones. The most important feature is that they are neutral without affecting pH of the starting solution systems. The effects of pH control agents, NaOH and ammonia, on the systems yielding TiO2 were also studied for further understanding the catalytic activity of APTES.
Experimental
Tetraethylorthotitanate (TEOT, Ti(OEt)4, 0.45 mmol) and one of the silanes (0, 0.045, and 0.225 mmol), i.e., VTMS, MTOS, TEOS, and APTES, were added to ethanol (160 mmol), held in a 50-mL flask, at room temperature. Then, 10 mmol H2O, excess amount to fully hydrolyze the alkoxide groups in the systems, were added to the mixture. Thus, the molar ratio Si(IV)/Ti(IV) was 0.1 or 0.5 for the samples except for TiO2. Table 1 summarizes the compositions of the starting solutions, as well as their pH, for the present systems TEOT-silanes-H2O-EtOH. When VTMS, MTOS and TEOS were combined with TEOT, the pH of the solution remained neutral. Titanium oxides were also derived in the same way, but with NaOH and ammonia as the pH control agents. The samples were coded as TiVT, TiMT, and TiTE depending on the silane in the system. The flask, with tightly capped, was transferred to an ultrasonic bath for agitation to initiate the hydrolysis and condensation. After 30 min, the resultant particles were collected from the suspension by centrifugation at 2,500 rpm for 5 min, washed with water for 3 times, and then dried at 105°C overnight. The samples were characterized with a transmission electron microscope (TEM; Model JEM-2010, JEOL Ltd., Japan), a Fourier transform infrared spectrometer (FT-IR, Model 300, JASCO Co., Japan), and an X-ray diffrac- 
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tometer (XRD; Model RAD IIA, Rigaku Co., Tokyo).
Results
The resultant TiO2 was anatase with good crystallinity as the XRD profile in Fig. 1 showed, where each peak was indexed according to JCPDS 21-1272. The particle size due to Scherrer equation was roughly 5 nm, taking the (200) peak width. All other samples TiVT, TiMT, and TiTE gave similar anatase profiles. 23) When the amount of the silanes increased from 0.045 to 0.225 mmol, the peak intensity for TiVT, TiMT, and TiTE decreased a little, regardless of the precursor systems. In contrast, though TiAP045 showed trace anatase diffractions, the TiAP samples were basically amorphous. With increase in the APTES in the starting solution the trace anatase disappeared and the sample only showed an amorphous XRD pattern. This is direct evidence that APTES decreased the crystallinity of anatase, yielding amorphous oxides. After Davis and Liu, 24) and Liu et al., 25) the Si-O-Ti hetero-bond formation resulted in the amorphous structure. Thus, it is expected that such bonds should be found in the corresponding FT-IR spectra. Figure 2 gives the FT-IR spectra of the above samples. The broad -OH band for adsorbed H2O near 3500 cm -1 extended to the lower energy side to reduce the resolution in the whole range shown here. The 1640 cm -1 peak was due also to adsorbed H2O, showing a high-frequency shift from the ordinary position (1595 cm -1 ): this is interpreted in terms of association with other -OH groups. The intense band at ~500 cm . Therefore, one could not definitely conclude the presence of the Si-O-Ti heterobonds for TiAP045.
The TEM photographs in Fig. 3 demonstrate the effects of APTES on the microstructure of the present particles: (a) TiO2 (anatase), (b) TiAP045, and (c) TiAP225. Anatase (TiO2) consisted of granules of ~5 nm in size, aggregated to form secondary particles with uniform distribution of the primary particles. The introduction of APTES drastically changed the microstructure: TiAP045 showed a granular morphology for the secondary particles with 70-200 nm in size. Yet, the primary particles (~10 nm), larger than those for the anatase in Fig. 3(a) , seemed fused together each other. This tendency was more emphasized in Fig.  3(c) for TiAP225. The smaller primary particles, found in the anatase, disappeared and they were fused into larger secondary particles. Such integration or agglomeration gave homogeneous 
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pattern of light-and-shade in the micrograph.
Discussion
The addition of APTES yielded amorphous particles, and the systems without it gave well crystalline anatase particles. The hydrated APTES molecule has two functional groups, i.e., -NH3 + and -Si-OH, the latter is present as -Si-O -(aq) under alkaline solutions. Yet, it is still open which of the two is effective to produce amorphous particles, or whether any other species derived from the components are effective or not. As mentioned above in the Introduction section, the base-catalysis favors hydrolysis. Indeed, the absence of the IR bands characteristic of -CH3 or -CH2-groups around 1500 cm -1 indicates that the methoxy-or ethoxy groups on TEOT or the silanes were fully hydrolyzed. Therefore, the strong and broad 3500 cm -1 band indicates that the anatase particles, derived in this study, involved many H2O molecules among the primary particles or on the surface of the aggregates. The same is applicable to the other samples. However, such hydrolysis would not take place in the system TEOS-H2O-EtOH without any catalyst. Thus, the vigorous hydrolysis susceptibility of TEOT is responsible for the full hydrolysis of the silanes, i.e., TEOS, VTMS, and MTES. Such consideration might superficially suggest that APTES would only serve as a pH controlling agent. This is false because TiAP samples were amorphous whereas the other involved crystalline anatase.
Knowing that pH is one of the factors in the sol-gel synthesis, titanium oxides were derived from the solutions 0.45TEOT-10H2O-160EtOH (in mmol) whose pH was controlled with NaOH and ammonia solutions in the range 9-13. Figs. 4(a) and (b) show the XRD patterns of the titania derived from the NaOH and ammonia catalysis, respectively. The pH of each precursor solution was presented in the figure. The NaOH catalysis yielded well-crystalline anatase, irrespective of pH. If pH was the sole factor, it is postulated that either of anatase or amorphous titania should be yielded in the whole pH range in both cases. Contrary to the expectation, the ammonia catalysis gave well-crystalline anatase in the pH range 7.3-9.6 and mostly amorphous titania in the higher pH range. In the APTES systems, the precursor solutions were 9.6 and 10.7 in pH in Table 1 , and they were in the same pH range as the solutions for the titaniaderiving systems. This strongly suggests that NH4 + (or -NH3 + ) should achieve a particular functionality. Since the isoelectric point (iep) (~point of zero charge, pzc) of titania is around 6, 26) all of the Ti-OH is in the form of Ti-O -(aq) in the titania particles, the most trivial interpretation of the NH4 + (or -NH3 + ) effects is the interaction between Ti-O -and NH4 + . Two models are considered: one is a simple hydrogen bond model (Eq. (4)), and the other is a chelate or coordination model (Eq. (5)).
Coordination model:O4Ti δ+ ←:NH3
Here, symbols •• and ← represent the hydrogen bonding interactions and the electron donation direction, respectively. In the former, the titanium is either four-or six-coordinated by oxygen atoms with a partial negative charge, which interacts with the positive charge on the ammonium ions ( + H4N). In the latter, the lone-pair electrons on N are looking at a positively charged titanium atom surrounded by four oxygen atoms, and the coordination expansion takes place on the Ti←N chelation. When the titanium atom is in six-fold coordination, further coordination sphere expansion is impossible, and hence, such chelation is impossible. When one of the H atoms of NH4 + or NH3 in Eqs. (4) or (5) is substituted by -propylene-Si(OR')3 (R': Et, H), those models are applicable to interpret the role of APTES in the system TEOT-APTES-H2O-EtOH of the present study. The significance of those models is to provide speculations on the reduction of the rate of condensation of Ti-O bonds. Yet, those models could not postulate the amorphous titania formation in certain pH range in Fig. 4 nor for the system with APTES.
After the Pourbaix diagram of Ti, 27) the hydrated titania of the form TiO2·2H2O (= Ti(OH)4) is in equilibrium with 1 ppm HTiO3 -at pH 12, as given by Eq. (6):
log [HTiO3 -] = -18.00 + pH (6) One can thus expect dissolution-deposition dynamics at the surface-solution interface, though one should admit considerable stability of the solid phase under the present pH range. The actual structure or the compositions of the hydrated titania in the reaction solutions are unknown, but such solubility dynamics are sure to be involved in the titania precipitation as crystalline or amorphous particles. Sugimoto and Kojima 22) presented the dissolution-deposition models of titania based on the behavior of monomeric Ti(OH)4, and interpreted titania precipitation in terms of the decrease in solubility of the monomers, caused by the hydrogen bonding like Eq. (4). It is unfortunate that, though the hydrogen bonding is admitted to be surely effective to reduce solubility, the solubility concept would not explain the crystallinity of the precipitates. In the APTES containing systems, the bulkiness of the APTES molecules grafted on the titania particles through Ti-O-Si hetero-bonds is the primary reason to prevent crystalline arrangement of depositing titania. When the hydrogen bonds and coordination complexes formed in Eqs. (4) and (5) are too strong to be dissociated, similar effects of preventing rearrangement are expected. The fact that the amorphous titania, obtained from the ammonia-catalyzed TEOT systems in the pH range > ~10, is then interpreted as suggesting that either of those two effects has some threshold, and the threshold is exceeded at pH of 9.3. It is reasonable that the sodium ions do not deserve such interactions, and hence, highly crystalline particles have been yielded as found in Fig. 4(a) .
Conclusions
The amino-modified TiO2 particles were prepared using a simple sol-gel route where hydrolysis and condensation of TEOT and APTES took place. The reaction solution was alkaline due to the addition of APTES, and pH increased from 7.3 to 10.7 as the APTES amount increased from 0 to 0.225 mmol. The aminomodified TiO2 particles of 70 nm ~200 nm in size are larger than the pure TiO2 particles about 5 nm in size. The analyses of FT-IR spectra and XRD patterns confirmed that the amino groups were involved in the resultant amino-modified amorphous TiO2 particles. Under such alkaline solutions, the low crystallinity in the amino-modified particles might be attributed to the hydrogen bond or coordination bond between the -NH3 + ions on the APTES molecules and Ti-O tetrahedrons.
